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Abstract—The influence of oscillations in the magnitude of counterion adsorption in the double layer of a par- 
ticle on the dependence of dielectric permittivity of a suspension on the frequency of the external electrical field 
was studied. For the case of two types of counterions with different diffusion coefficients, these oscillations 
were shown to increase permittivity in the low-frequency range and decrease in the high-frequency range (as 
compared with the case when such oscillations do not take place). The presence of oscillations in the magni- 
tudes of adsorption also results in the reduction of the characteristic frequency of a dispersion. 


This communication deals with the study of adsorp- 
tion oscillations that contribute to low-frequency dis- 
persion of the dielectric permittivity of the suspension 
of colloidal particles. This study is a continuation of the 
investigation of a new contribution started in [1]. In that 
publication we paid attention for the first time to the 
possible role of these oscillations and derived a set of 
equations describing the distribution of the electrical 
potential and ion concentrations near the particle with 
account for the adsorption oscillations. Following the 
golden rule (do not try to encompass something 
immense in one, however voluminous, paper), in our 
first communication we focused our attention on the 
study of the low-frequency limit of the dielectric per- 
mittivity. Now we turn to the study of the frequency 
dependence of dielectric permittivity. 


THE ROLE OF ADSORPTION OSCILLATIONS 


Recall the main principles reported in [1]. In the 
theory of dielectric dispersion it is common to consider 
the case of binary electrolyte when one type of counte- 
rions and one type of coions are present in a solution. 
As shown in [2, 3], equilibrium magnitudes of adsorp- 
tion for these ions in a thin double layer are determined 
by the concentrations of the same ions at the external 
boundary of the electrical double layer. Once the parti- 
cle is placed in an external alternating electrical field, 
these concentrations acquire oscillating addends, 
which arise from concentration polarization. Concen- 
tration oscillations at the external boundary of the elec- 
trical double layer result in the oscillations of ion 
adsorption in the interior of the electrical double layer, 
the necessity of feeding these oscillations results in the 
oscillations of bulk and surface fluxes of these coions 
thus causing a sequence of events such as variation of 


the concentration fluxes—variation of the induced 
dipole moment—variation of permittivity. 


However, in all the cases for a binary solution 
(except for an ideally polarized metallic particle) the 
contribution of these variations is proportional to the 
ratio between the thickness of the electrical double 
layer and the particle radius (small parameter of a the- 
ory). This situation is due to the fact the electrical dou- 
ble layer of a particle as a whole and every small part of 
the thin electrical double layer retain their electroneu- 
trality under any external effects whose frequency is 
below that of relaxation of the electrical double layer 
(below «2D, where « is the reciprocal Debye radius, 
D is the diffusion coefficient). Hence, the oscillation of 
counterion adsorption is equal to that of coion adsorp- — 
tion. The magnitude of the latter is small and negative 
(it is related to the removal of coions from the electrical 
double layer and is limited by the coion content in bulk 
solution). Consequently, counterion adsorption varies 
to a small extent. Based on these facts, the contribution 
of adsorption oscillations was ignored in all theoretical 
studies. 


The situation is quite different when we consider a 
solution with three types of ions. Since concentration 
polarization is determined by the behavior of counteri- 
ons, the presence of one type of counterions and two 
types of coions does not result in significant changes. 
These changes might be expected only when two types 
of counterions are present in a solution [1]. It is this 
case that we discuss below. 


When counterions of two types are present, the 
aforementioned requirement of electroneutrality of part 
of the electrical double layer may be provided by the 
mutual compensation of addends to adsorption of coun- 
terions of different types. Oscillations of the coion 
adsorption still remain small (and even may be 
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neglected). However, a rise in the adsorption of the 
counterions of one type is to be compensated by a 
decrease in the adsorption of the counterions of the 
other type. Each of these adsorptions can be rather 
large; hence, their oscillations may also be significant. 
For a long time, this circumstance was neglected. 


THE SET OF EQUATIONS 


Let us consider negatively charged particle of radius a 
placed into an electrolyte solution containing ions of 
three types. Assume that the charges of these ions are 
equal, z, = z. =—z3 = 1; diffusion coefficients of ions 2 
and 3 are D, = D, = D, D, may differ from D. 
We believe that such a limitation of the set of parame- 
ters makes it possible to discuss the most indicative sit- 
uations and to avoid analysis of the abundant additional 
parameters. We denote the ion concentration outside 
the electrical double layer as C; (i = 1 ... 3) and their 
equilibrium magnitudes as C);. ‘Naturally, due to elec- 
troneutrality 


ZC; = 0. (1) 


The same relationship is also valid for the equilib- 
rium values Co,. 


Avoiding calculations made in [1], we write the 
resulting set of three linear equations 
Dip 


D R,- RaIE, 


; 3 
Ay, X1 + Ay2X_ + Aj3X3 = 5CoCoa| 
3 D, 
AX, + AyX7t+ Ap3X3 = 5[CouRe + FoR, |e. 
(2) 
Axx + AX, + A33X3 = 0, 


f 
where the unknowns X, are expressed by the formulas 
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where @ is the frequency of the external field; 


Dep = 


and D,p = D are the effective diffusion coefficients; 
C,; are the polarization addends to the concentration of 
the ions of ith type; d, is the induced dipole moment 
(it is this value that we want to calculate). 

Coefficients A, of the set of equations (2) are 
expressed by the formulas 


Ay = Co(1 + Ry + fo + iW2Rr) 
+Co(1+R, +f, +iW;Rr) 
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We used the following notations to write these 


a 
expressions: W; = jf aD 
efi 


iW, 
1+(1+i)W,’ 


, for the dimensionless fre- 


quencies; f, = for the auxiliary complex 


functions; R;= ———— , for partial polarization criteria 
01 
for the counterions 1 and 2; and «,,, for partial surface 
conductivities of the corresponding ions. 
Dimensionless parameter Rr; was introduced in [1] as 
an important characteristic of the oscillations of counte- 
rion adsorption I; in the quasi-equilibrium part of the 
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electrical double layer. It is determined by the follow- 
ing equation 

ima 

Soa Rre (Coal = CoC p2)|,20° (3) 


As was shown in Appendix I, for a rather general 
case Ry is expressed by the formula 
_ Cos OC, OV) AP ACg 
"alo, aay 4 hoe , 
av, day 
where Tj) are the equilibrium adsorptions of counteri- 
ons, and W, is the potential of the electrical double 
layer. 


The real and imaginary parts of permittivity are 
expressed in terms of the induced dipole moment using 
the formulas 


_ Ae(@) _ (F- ) Co ar" 
a AEmax [t+ 2Costw23 35 


(4) 
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25a E 
: (5) 
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In these formulas, increases in the permittivity Ae 
and dielectric losses €" are normalized to the value 


9 2 
‘AEmax = ePelKa) ; (6) 


where p is the volume fraction of the particles in a sus- 
pension, and € is the permittivity of a solution. Quantity 
A€max iS the largest magnitude of the low-frequency 
limit of the dielectric permittivity in a binary solution. 
This quantity serves as a convenient normalization con- 
stant. For brevity, we denote permittivity normalized to 
this constant as Y. ‘ 


We perform further analysis in two stages. First we 
consider values R,, Ry, and Rr as phenomenological 
parameters affecting the dispersion. Then, we discuss 
elements of microscopic-scale models which should 
provide one or another magnitude of the phenomeno- 
logical parameters. Thus, the first stage of interpreta- 
tion allows us to determine the magnitudes of the polar- 
ization parameters from the dispersion curves; at the 
second stage we shall treat the surface characteristics 
responsible for these parameters. 


CONDITIONS FOR THE APPEARANCE 
OF SIGNIFICANT ADSORPTION OSCILLATIONS 


Even fairly a large magnitude of parameter Ry does 
not provide for significant adsorption oscillation 
because cofactor (Co2C,1 — CoiCp2)I = 2 in formula (3) 
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could be small or equal to zero. This cofactor will differ 
from zero only under some definite conditions. 


First, counterions of both types (Co, # 0, Co. # 0) 
should be present in a solution. However, this condition 
is insufficient if it happens that C,,/Co, = Cp2/Co2- 
Hence, adsorption oscillations may be significant only 
when 


Cri /Cor # Cro/Co2- (8) 


The latter condition may be ensured in two ways. 
At R; # R;, condition (8) is valid throughout the entire 
frequency range; then adsorption oscillations affect 
both Ae(@) and the low-frequency limit Ae(O) [1]. 
At R; = R», condition (8) may be maintained only within 
the limited frequency range and will be related to vari- 
ous mobility of the counterions (D, # D2). 


Thus, we may recognize four different cases: 


(1) R, = R,, D, = D. Adsorption oscillations are 
insignificant and do not affect Ae(w). This conclusion 
follows both from the above considered qualitative 
speculations and directly from the set of equations (2). 
Under these conditions, f, =f), and unknown X, ceases 
to affect the last two equations of a set. These equations 
specify the induced dipole moment which is thereby 
independent of Rr. 


(2) Ry # R2, D, = Dy. Adsorption oscillations affect 
both the low-frequency limit Ae(0) [1] and frequency 
dependence. 

(3) R, = R>, D, # D>. The low-frequency limit Ae(0) is 
not affected by adsorption oscillations [1]. However, 
the significant influence of such oscillations on Age() 
may be expected within the frequency range Dal@... 
Dala’. 

(4) R, #R>, D, # Dz. This case is a combination of | 
both possible causes resulting in the significant adsorp- 
tion oscillations. 


It is more convenient to consider the effect of adsorp- 
tion oscillations on frequency dependence Ae(«) first for 
cases 2 and 3. In case 3, the pattern of such an effect 
seems to be obvious and it is associated with the pres- 
ence of two effective diffusion coefficients and, corre- 
spondingly, of two characteristic frequencies [4, 5]. Such 
an effect with equal diffusion coefficients (case 2) is less 
evident. It is this case that we intend to discuss in more 
detail. 


Generally, the solution of the set of three linear 
equations (2) is not complicated. The problem is in 
cumbersome algebraic expressions that have failed to 
be transformed into a transparent form. The awkward- 
ness of these expressions results in a situation where 
the advantages of the analytical solution of a problem 
are transformed into disadvantages, and the resulting 
formula should, in any case, be numerically analyzed. 
Hence, writing the cumbersome resulting expression 
does not seem to be of any special merit. Therefore we 
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1.0E+0 1.0E+2 1.0E+4 1.0E+6 
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Fig. 1. Dependences of the normalized dielectric permittiv- 
ity Y on frequency w for the following set of parameters: 
(ae) a = 107 cm, D = 107° cm/s. D, = 107 cm*/s, 
Ry (1) 0, (2) 1, and (3) 10. cg) = 10> moVl: cop (a, b. €) 10™°, 
(c) 10“. and (d) 1077 mol/l: R; (a-d) 1. (e) 10: Ra (a, c-€) 0.2, 
(b) 10. 


developed a PC program for the numerical solution of 
equations (2) and employed this program in our further 
analysis. 


ANALYSIS OF THE DATA 


Figure 1 represents the calculated dependences of 
the normalized permittivity Y on frequency plotted — 
for the following set of parameters: a = 10% cm; D = 
105 cm?/s; D, = 10° cm/s; frequency is expressed in Hz. 

Since we are interested first in the role played by 
adsorption oscillations, we consider all dependences 
for three magnitudes of R; = 0, 1, and 10. Strictly 
speaking, for the charged particles, inequality R; > 0 is 
valid [1]. However, it is convenient to study the effect 
of adsorption oscillations by comparing the results of 
calculations performed at Ry > 0 and those for the phys- 
ically improbable case Rr = 0 (when the oscillations 
may be considered as eliminated). 


Note first that numerical! analysis confirmed the con- 
clusion that in the case | (R, = R,, D, = Dy) parameter 
R; does not affect the dispersion curves. This conclu- 
sion was drawn earlier based on qualitative consider- 
ations. 


The increase of the low-frequency limit of dielectric 
permittivity (Fig. 1) is the most pronounced feature of 
the contribution of the adsorption oscillations. In the 
low-frequency range, curves for Rr = O are located 
clearly below the curves for all non-zero magnitudes of . 
the intensity parameter for the adsorption oscillations. 
Secondly, in this range at some values of these param- 
eters, the magnitude of permittivity may surpass its 
limit (6); one of the curves plotted in Figs. 1b and le 
runs in the region of Y > 1 (Ae > Ae,,,,). To do so, the 
magnitude of parameter R, should be large. These con- 
clusions are in good agreement with the results of the 
analysis of the low-frequency limit reported in [1]. 
Comparison of Figs. 1b and le calculated for the same 
set of parameters indicates that an increase of parame- 
ter R, (other conditions being equal) favors both the 
increase in the low-frequency limit (a well-known fact) 
and adsorption oscillations due to the rise in the differ- 
ence (R, — R2), which is consistent with [1]. 

Study of the combined effect of polarization param- 
eters R, and R, on the low-frequency limit demon- 
strated [1] that at R,; = R,, adsorption oscillations (at 
least, at close magnitudes of the diffusion coefficients) 
are not exhibited. Our analysis allows us to extend this 
conclusion: at R, = R>, adsorption oscillations also do 
not affect the dispersion curve. In the physical meaning 
this is attributed to the fact that, as was explained ear- 
lier, oscillations of the adsorption of counterions of 
type 1 are in the opposite phase with those of the 
adsorption of counterions of type 2. Under equal polar- 
ization criteria, external perturbances that cause these 
oscillations are the same for both types of ions, and 
electroneutrality of the part of the electrical double 
layer is sustained as if by itself with no variations in the 
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surface or bulk ion fluxes. This is tantamount to stating 
that oscillations are absent. From the mathematical 
point of view this statement is expressed in the equality 
Cy1/Co, = C,2/Co2 when the right-hand part of equation (3) 
vanishes. Therefore, oscillations are most favorable 
when one type of counterions offers high surface con- 
ductance whereas the second, low ones (the role of this 
second counterion is to prevent adsorption from being 
varied). 

To study the effect of the concentration ratio 
Coi/Coz, compare the plots in Figs. la, lc, and 1d. 
The most favorable region for adsorption oscillations is 
that of Cy, = Coo. When the relative fraction of the ions 
of one type increases, the contribution of this region 
diminishes due to decrease in the oscillation amplitude 
with the equilibrium magnitude of adsorption. 


On the contrary, within the high-frequency range all 
curves for non-zero magnitudes of Rr are positioned 
below the curves for Ry = 0. One may assume that the 
increase in the low-frequency limit is associated with 
the increasing drop within the high-frequency range. 
Regularities in the parametric effects in this range are 
opposite to those for low-frequency range. 


In order to characterize the frequency dependence 
of dielectric permittivity we calculated the frequency at 
which this permittivity is twice as low as the low-fre- 
quency limit. This frequency identifies rather ade- 
quately the range where permittivity starts to drop with 
the frequency. For some models of dielectric disper- 
sion, the frequency dependence has the form 


eel ae 


(a) 
1+|— 
Der 


where (,, is the critical frequency of the corresponding 
model. This frequency is experimentally determined 
from the obvious condition that Y(@,,) = 0.5. Concen- 
tration polarization results in a much more complicated 
pattern of the frequency dependence [3]; multionic 
composition of the dispefsion medium and adsorption 
oscillations make the formula for Y(@) even more com- 
plicated. Nonetheless, we decided to characterize the 
frequency dependence ¥(q) by introducing @,, as the 
frequency at which Y = 0.5. 


Results of the calculations for the same sets of 
parameters which were employed to plot Fig. 1 are rep- 
resented in Fig. 2. This figure clearly demonstrates that 
,, slowly diminishes as the role of adsorption oscilla- 
tions increases. 


MICROSCOPIC MODELS 
OF THE ELECTRICAL DOUBLE LAYER 


Let us consider now some possible microscopic 
mechanisms of polarization, assuming in advance that 
we are not going to discuss all conceivable models. The 
possibility of high adsorption of coions in the electrical 
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Fig. 2. Dependence between decreasing of the critical fre- 
quency and increasing of parameter Ry in accordance with 
the data of Fig. I. 


double layer (the case of potential-determining ions) 
will not be treated at all. 

If partial surface conductivities «,; are determined 
only by the electromigrational transfer of counterions 
over the electrical double layer, R; = R, = Rj = 


= (exp-¥o/2) — 1), where Yo is the dimensionless 


potential of the electrical double layer. Hence, in this 
case, the equality of partial polarization criteria is pro- 
vided at any magnitudes of diffusion coefficients of 
counterions. It follows from the analysis made in the 
preceding section that in this case the adsorption oscil- 
lations cannot be exhibited and extremely high magni- 
tudes of the low-frequency limit Ae are not to be 
expected. Such abnormal magnitudes may appear when 
criteria R, and R, do not coincide and the magnitude of 
parameter Rr is large. 


We believe that these differences may be due to 
electroosmotic ion transfer and hypothetical ion trans- 
fer over the Stern layer. 

The contribution of electroosmotic transfer to the 
magnitude of R; depends on the potential of the electri- 
cal double layer and diffusion coefficient of an ion and 
is virtually independent of ion concentration. Thus, ine- 
quality R, # R, may be provided at unequal diffusion 
coefficients (cases 3 and 4 which until now were not 
treated in detail by numerical analysis). However, this dif- 
ference cannot be very large, because the electroosmotic 
contribution is always less than the migrational one. 

The contribution of ion transfer over the Stern layer 
is proportional to partial adsorption of the ions of a cer- 
tain type in the Stern layer and to the diffusion coeffi- 
cient of the adsorbed ion. Kinetic characteristics of 
adsorption are also of large importance. Two limiting 
cases are commonly considered: (i) free exchange 
between the Stern layer and the bulk when adsorption 
equilibrium is established much more rapidly than the 
other processes occurring in a system, and (ii) such an 
exchange is absent and the adsorbed ions are only capa- 
ble of migrating along the surface; the establishment of 
the adsorption equilibrium proceeds so slowly (as com- 


188 ZHARKIKH et al. 


pared with the other processes in a system) that it may 
be disregarded (the Schwarz model [6]). The influence 
of kinetic parameters of the Stern layer on the disper- 
sion of permittivity is discussed in more detail in [7-9]. 


It might be assumed that all significant parameters 
determining the ion behavior in the Stern layer (affinity 
of an ion to the surface, mobility in the adsorbed state, 
and specific features of the adsorption kinetics) are 
highly specific, i.e., they are strongly dependent on the 
type of an ion. This feature may be exhibited in the 
experiments as the lyiotropic series for the dispersion 
curves. It is self-evident that a certain normalization of 
the curves should be made for the adequate plotting of 
these curves since the surface charge of the particles 
may be changed with variation in the solution compo- 
sition. In general, if transfer over the Stern layer occurs, 
the equality of R, and R, may hardly be expected. This 
circumstance favors the adsorption oscillations. 


As for the magnitude of parameter Rr, when 
exchange of ions between the diffuse and compact lay- 
ers of the electrical double layer does not occur, only 
the diffuse layer oscillates, and Rr = R, [1]. At free 
exchange, the Stern layer will be involved in oscillation 
that may increase Rr significantly [1]. 


Hence, we may conclude that at fairly large magni- 
tudes of partial criteria R, and R, (where large magni- 
tudes of the contribution of the particles to the dielec- 
tric permittivity are observed) an equally large magni- 
tude of the criterion for the adsorption oscillation Rr 
may be expected, thus favoring the appearance of such 
oscillations in the dispersion dependences. 
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APPENDIX 


Polarization addends to the adsorption of the coun- 
terions I”; may be written as 


hoi 


, 8Cen Coz 


(Al) 


i =a 


where ‘Vy is the potential of the equilibrium electrical 
double layer, and Y,, is the polarization addend to this 
potential. 


During polarization of a thin electrical double layer 
every single part of this layer remains electroneutral, 
so that 

Lyi + T2 = 0. (A2) 

In this case, we ignore coion adsorption. Hence, the 

case of the potential-determining role of the coions 


when the particle charge is formed due to specific 
adsorption of these ions is not considered. 


Combining equations (A1) and (A2), we obtain the 
formula for polarization potential 


1 
YY =-— 
e A(T 9, + Po) 
0(To, + M92) O(T, + M92) 
x( 3Gy AE Ga Cn) bee 


Substituting potential derived from (A3) into (A1), 
we obtain the expression for polarization addends con- 
taining only polarization concentrations C,;. This 
expression results in formula (4) for Rr. 
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Viayueno BaMaHne Kone6aHHi BEMYHHbI aCOpOUMM NPOTHBOMOHOB B JBOHHOM Cil0e YaCTHUbI Ha 3aBHCH- 
MOCTb AMIIEKTPHYECKON MpOHHLaeMOCTH CyCNeH3HH OT YaCTOTbI BHELWHeErO 9NeKTpH4YecKoro Nona. Dna 
cAy4ad ABYX COPTOB NPOTHBOMOHOB C paBHbIMH KO3*uuyveHTaMH Judcy3Hu NOKa3aHo, YTO 3TH KOMeba- 
HMA NOBbILUAIOT IPOHMUAeMOCTh B OONACTH HH3KHX YaCTOT HM CHWDKAIOT — B O6ACTH BBICOKHX YacTOT (10 
CPpaBHEHMIO CO CIy4aeM OTCYTCTBHA KoneOanni). Hanwuve koneOanui Benu4uHH agcop6uMu NpHBO_UT 
TaKXKe K CHWDKEHMFO XAPaKTEPHCTHYECKOM YaCTOTHI AMCHepcuu. 


T[aHHoe coo6ujeHHe NOCBALIeHO H3y4eHHIO BKIa- 
Wa KoneOaHMh alcop6unu B HH3KOUAaCTOTHY!O [HC- 
Nl€pCHlO AM9NEKTPU4YeCKOH NpOHHYaeMOcTH cycrieH- 
3HM KOJJIOMMHBIX “YacTHu. B HEM MbI MpogouKHM 
M3yYeHHe STOrO HOBOFO BKslaya, HayaToe B Hallet 
cratbe [1]. B nocneqHet Bnepsbie 6pim0 O6palieHo 
BHHMaHve Ha BO3MOXHY!IO POJlb STUX KONeOaHHH u 
Obi1a BbIBejeHa CHCTeMa ypaBHeHHH, ONMCbIBaloWlar 
pacnpefeneHue 9eKTpwueckoro nmoTeHiwanta u 
KOHICHTpauM MOHOB BONM3M YacTubl C yYeTOM 
9THX KONeOaHHH. Cnefya 30N0TOMY MpaBusy — He 
IIbITATbCA OOLATL HEOOLATHOE B OFHON, NYCTb Waxe 
OOLIMPHOH CTaTbe — MbI B MlepBOM COOOMeHHH cocpe- 
HOTOUMIMCh Ha H3Y4eCHHH HH3KOUACTOTHOrO Mpeyena 
HWSIEKTpHYuecKOH mpoHHaemoctu. Tenepb MbI 06- 
PaTHMcaA K H3y4eHHIO €€ YACTOTHOH 3aBHCHMOCTH. 


POJIb KONEBAHMM ATCOPBUMA 


HanomMHuM OCHOBHbIe NomoxeHHA paooTHI [1]. 
TpagHuHOHHO B TeOpun AMOeKTpH4ecKoH AucHep- 
CHM paccMaTpuBaetca cllyyah OuHapHOrO oeKTpo- 
uTa, KOra B pacTBOpe MpHcyTcTByeT OfMH COpT 
IIPOTHBOHOHOB H OQUH COpT KOHMOHOB. PaBHOBeCcHbie 
afcopOlUHH 3THX HOHOB B TOHKOM ABOHHOM CJI0e, KaK 
0Ka3auHo B [2, 3], onpefenaloTcA KOHUeHTpallvAMH 
9THX HOHOB Ha BHeIIHeEH rpaHule ABOMHOTO 3JIeKT- 
puyeckoro cioa (AIC). Korga yvacruna nomenjena 
BO BHELIHee IlepeMeHHOe aIeKTpH4ecKoe None, ITH 
‘KOHUCHTpalwH 3a CUeT ABJICHHA KOHUCHTpalMOHHOn 
NOWApH3alAW NpHooperTaroT oclwIMpyroume Bo6aB- 
KH. Kone6aHHa KOHUCHTpalluv Ha BHelIHel rpaHute 
JOC npusogsT K KoneGaHnaM alcop6uuM HOHOB BHy- 
tp DC; HeoOxoyMMocTb NOPNMTbIBAaHHA 3TUX KOIe- 
aH BejleT K 43MCHCHHAM OOLEMHBIX HW NOBEPXHOCT- 
4 KOJIOHAHbIM KYPHAI No 2 
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HbIX NOTOKOB MOHOB, YTO BeYeT 3a COGOH WenodKy: 
H3MCHeHHEe KOHICHTpal{HOHHBbIX Noell — W3MeHeEHHe 
MHJYUMPOBaHHOrO AHMONbHOrO MOMeHTa — H3MeHe- 
HMe M9JIEKTpHYeCKON NpOHHUAeMOCTH. 


Oguako (14 OuHapHoro pacTBopa BO BCex Cily4a- 
aX (kpome MeTaJIM4eCKOH WeabHO nonApHsye- — 
MOH YaCTHUbI) BKay ITHX KONebaHU nponopryno- 
HaJIeH OTHOWEHHIO TONUMHBI [TIC kK paymycy Yac- 
THIbI — MaJIOMy NapaMeTpy TeopHu. Takaad cHTyalHa 
cBa3aHa Cc TeM, ¥TO JOC 4acTHIbI B eIOM HW Kax- 
Abid Mawbia yaacroK ToHKoro JJ9C coxpansioT 
CBOW 3/IEKTPOHEMTPaNbHOCTS pH OObIX BHEIIHEX 
BO3CHCTBHAX, UACTOTA KOTOPbIX HUXKE YaCTOTHI pe- 
nakcauuu JIC (Hmxe «7D, rye K — o6paTHbiit ye6a- 
esckul panuyc, D — koadcpuynent quddy3un). Ta- 
KHM OOpa30M, H3MeHeHHe aj\cop6uHH NpoTHBOHOHOB 
PaBHACTCA H3MeCHeEHHIO afcopOuHH KOMOHOB; 10- 
cHeHAA BEIM4YHHAa Masia HW OTPHIaTebHa (CBA3aHa C 
yNaneHueM KoHOHOB 43 [JOC u muMuUTHpyeTca co- 
W}epxKaHHeM KOHOHOB B OOBeEMHOM pacTBope), a No- 
TOMY MaJIO H3MeHeEHHe afcopOuHH NpoTHBOMOHOB. 
Ha 9TOM OCHOBaHHH BO BCex TeopeTH4ecKHX pabo- 
Tax BKaf{OM Kone6aHHh aycopOuuH MpeHeOperann. 


CuTyaliua H3MeHAeTCA, KOra MbI paccMaTpHBa- 
€M pacTBOp Cc Tpema copTamu HoHOB. [lockonpKy 
KOHICHTpallMOHHad NOMApH3alnA ONpepemAeTca N0- 
BeJe€HHeM MPOTHBOHOHOB, HalMuve ofHOrO copTa 


- IIPOTHBOHOHOB H AByX COPTOB KOHOHOB HE TIPHBORMT 


K CYIICCTBEHHBIM H3MeHeHHAM. TakoBbIX MOXHO 
OXH[aTb JIMUWIb pa HaIM4HH FByX COPTOB TIPOTHBO- 
wouos [1]. Stor cnyuali Mbi u Gyfem B NasbHeHIEM 
paccmaTpuBaTb. 


Tipu HanH4uH NPOTHBOHOHOB ABYyX COPTOB yIlOMsA- 


.HyToe BbIllie TpeOoBaHHe NOKaAbHOM seKTpoHeli- 


TpambHocTu yyactKa JI3C MoxeT 6bITb oGecrieweHO 
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3a C¥eT B3AMMHOM KOMMeHCallHy WOOaBOK K agcop6- 
I[MH TIPOTHBOMOHOB pa3HbIx copToB. M3MeHeHHsA af- 
COp6UHM KOMOHOB MpOfOIKAalOT OCTaBaThCs MalIbI- 
MH (HX MOXKHO ]jaxKe H€ YUMTIBAT), HO yBeIM4eHHE 
alCop6UHH MpOTHBOHOHOB OfHOrO copta 6yqeT KOM- 
Me€HCHPOBaTbCa YMeHbINeHHeEM axCOpOuHH NPOTHBO- 
MOHOB Apyroro copta. Kaxyaa 43 3THx ancopOunit 


caMa IIo ceGe MOxeT ObITh 3HaYHTeIbHOH, TIOSTOMY ~ 


3HAYMTEJIBHBIM MOXeT ObITh H AX H3MeHeHHe. Ha 
3TO. OOCTOATEIILCTBO poms BpemMa He OOpalianH 
BHMMaHnaA. 


CUCTEMA YPABHEHMA 


PaccMOTPpHM OTPHaTesIbHO 3apsKeHHY!O YacTHu- 
Wy pajyluyca a, MOMELICHHYIO B pacTrBOp INeKTpoNHTa 
C TpeMa COpTaMH HOHOBR, Jit KOTOPbIX MbI MIpes{No0- 
%KMM, ITO HX 3ApAbI PaBHBI Z) = Z) = —Z; = 1; Koacpepu- 
WHeEHTbI Wucbdy3HH HOHOB 2 u 3 paBHbl D, = D; = D; 
D, MoxerT ObITb OTMHYeH OT D; MbI NOMaraemM,. YTO 
Takoe OrpaHHueHHe MHOXECTBAa NapaMeTPOB I103BO- 
JIMT HaM pacCMOTpeTb HaHGonee NOKa3aTeMbHbIe CH- 
TyaljMu, He 3arpoMox]ad aHau3 H30OHIHEM AONON- 
HHTCJIBHbIX NapaMerpos. KoHWeHTpalHH HOHOB 3a 
npenenamu [JOC 6yyem o6o3HayatTs C; (i= 1... 3),a 
MX paBHOBeCcHblie 3HayeHHA — Cy;; ECTeECTBEHHO, TO B 
CHly INeKTPOHeEHMTpaNbHOCTH 


3 
¥ 2c; = 0 


i=l 


(1) 


_ TaKoe %Ke COOTHOMICHHE CIpaBefIMBO H [IA BesH- 
4HH C'y;. 

He nosropsa4 BbIaHCIeHHH, MPOU3Be{CHHEIX B [1], 
BbINIMLIEM HTOPOBy!0 CACTeMy Tpex JIMHeHHBIX ypaB- 
HeHHH: 


3 


D 
AX, +A, 2X2 +Ai3X3 = = 


5CoCua| Ri ~ RoE, 


. D $ 
Ay,X, + AyX> + Ax3X3 = 5[ CoeRs + HCoR, |e, 
ee (2) 
AX, + AyX> + A33X3 = 0, 
roe HCM3BCCTHbIC BCJMUINHbI xX, BbIpaxkaroTca cpop- 
MyJIaMu: 
RT 


1 = Facosbexp(ion) 


CoC pi — CorCpa (72 1) 2Cq 
—— — 1 |j.—_—C , 
| Coy % D Cor + Co3 | r=a 
RT 
ae 7 SET ORY ZO Te 
Facos@exp(iot) 


De ) Co3 
x [Cu + Cpa +( 2 jae Cn| 


r=a 


XKAPKHX u gp. 


rye, B CBOFO OYepedb, @ — WacTroTa BHEIMHero HOJIA; 
D, 


Dq=——_— 
eet) 


Dp =D —2eextusupie Kosdpunventst pudppy3sun; 
C,;— NONApH3alMOHHEIe 1OOaBKH K KOHUeHTpanaH HO-— 
HOB copTa i; d, — HHAYHMpOBaHHbiM MNObHBI MO- 

MeHT (Ta BenM4HHa, KOTOPYy!O MbI XOTHM paccuHTaTb). 


Kos¢cpecpaunentsi A, CHcTeMBI SPeeHenue (2) BeI- 
PaxkaroTca dbopmMyj1aMH 


2 


Ay, = Co(1 + Ro+ fo + iWaRy) + 
+Co(1+R, +f, +éWi Rp) + 
Cor Coo 


+O Ff 4 i(W? — W2)R?), 

Te Ce Fi fat (Wi — Wade) 
Coir Cor 2Co3 

An = —6- [Ri-Re ao 


x(f)— fo +i(Wi - Wake) |, 


, D 
Ay = Cul] HC +R,)-1 -R,|, 


D > 
Ax, = Co3+ Con(1 + R2) + pH Call +R,), 


Cos 
Co + Cos + Gy 


Cafit Cofe 
Cos 


Ax, = [fi fal, 


Cul 
Co3(Co2 + Co3) 
A33 = Co. 


IIpu 3anucn 9THx BbIPaxeHHH ACNONb3OBaHbI O60- 


Ay = 1+ (fr-f2). 


w 
3HayeHua: W; = quia Ge3spa3MepHbIx YacreT; 


2 efi 
“ay2 
f meal! MILIEKC 
= —————_._ 1 BCINOMOraTesIbHbIX KOMIICKC- 
«~Tr+)W, * 
HBIX dbyHKyi; R; = WIA HaplWasIbHbIXx NossA- 


oii 
PH3aljMOHHbIX KpHTepHeB [JIA NPOTHBOHOHOB | H 2; 
Ne 2 
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K,; (JIA WapuwastbHbix NMOBEpXHOCTHBIX NPOBOWMMOC- 
TeH COOTBCTCTBYIOINHX HOHOB. 


Bespa3mMepuHblit apametp Ry Obit BBeeH B 1] 
Kak BaxkHad XapakTepHcTHKa KoNeOaHHl aycopouni 
I; mpOTHBOHOHOB B KBa3HpaBHOBecHou yacTu JOC. 
OH onpefenaetca cieqyIOulHM ypaBHeHHeM 


dv, dT, iwa 
ae gp oes (Coo 


Kak noka3aHo B npwnoxenun 1, 710 BecbMa OOero 
cayuasa Ry BbIpaxkaetca cbopMyOH 


Rp. = £2 99% O¥o9C or a 
WS aCe Oy, Wo 


oY, ov, 


rye Tj — paBHOBecHbIe acOpOuHH NpOTHBOHOHOB, 
P) — noTenuman T9C. 


-CorCz2)|,-4 @) 


]lelicrsutenbuad 4 MHHMas YacTH AHONeKTpH4eC-" 


KOH MpOHHaeMOCTH BLIpaxkaloTca Yepe3 HHAYUHPO- 
BaHHbIi [MMONbHbIM MOMCHT Ip MOMOMIM cbopMyi: 


_ Ae(@) _ [! +(7- aes 
AEmax D 2C 93 WwW; sa" E 
. (5) 
-1I 
£"(@) - [! +(F- \ Co |5 4 Red, lim Red, 
AE max D 2C 3 WwW, sa°E 


B 9Tax cbopmyzax mpapocr _HeNeKTpHyecKkoOH 
ponumaemoctu Ae uw AWoIeKTpHyecKHe NOTepH &" 
HOPMHPOBaHbI Ha BEIHUBHY 


AEmax = 


rye p — o6'beMHas JOA WacTHI B CyCheH3HH, € — {H9- 
eKTpHuecKkad IIpOHHNaeMOcTs pacrBopa. AE,,,, AB- 
agerca HaHOobineH BeEIHYHHOH HA3KOUaACTOTHOrO 
pefela. WHOIeEKTpHyecKOH NMpOHHIJaeMOCTH B OH- 
HapHOM 9NeKTPONMTE H CY KUT ynoonou HOpMHpo- 
BOYHOH KOHCTaHTOH. [[moueKTpHuecky!o NpoOHHtae- 


MOCTb, HOPMHPOBaHHy!0 Ha 3TY KOHCTAHTY, MBI IA 


KpaTKOcTH O603HaydaeM Y. 
JlanbHetmmmi ananu3 GyfeM MpoBO_ATS B ]Ba 


9Tala: CHatasa 6yHeM PaccCMaTPHBaTh BeCJIMUMHbI R b> 


R,, Ry kak cbeHOMeHONOrMuecKHe NapaMeTPpbI, HH- 
Tepecyach HX BIIMAHHEM Ha {MCIepcHio; 3aTeM pac- 
’ CMOTPHM 9JIEMEHTbI MHKPOCKONMUeCKHX MOJeNeH, 
KOTOPpbie JOJDKHbI OGeCne4HTb Te HIM WHbIe 3Haye- 
Hua peHoMeHonormueckux nlapaMeTpos. Takum 06- 
pa3oM, NepBbIi 9Tal MHTepnpeTaljMn NOSBONAeT H3- 
BNe4b 3Ha4eHHA NONAPH3aNMOHABIX NapaMeTpoB ¥3 
](MClepCHOHHBIX KPHBbIX; Ha BTOPOM 3Talie MbI 3ayja- 
€MCA BONPOCOM O XapaKTepHCTHKax NOBepXHOCTH, 
OTBETCTBCHHBIX 3a STH NapaMeTPHI. 
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YCNOBMA BOSHHKHOB EHYA 
3HAUMTEJIBHBIX KOJIEBAHMMN 
ANCOPBUMU 


Tjaxke BecbMa OoIblilat BeMUMHa NapaMetpa Ry 
elje He rapaHTupyeT 3HadHTebHOH OCHMIIAIHM ajl- 
copOmuHH, TaK KaK MOX€T OKa3aTbCA PaBHbIM HYJIIO 
WIM MaJIbIM COMHOXUTENb (CyC,; — CoiC,a)l- = 2 B 
cbopmynte (3). STOT COMHOXUTEIL GyReT OTIMGEH OT 
HYJIA JIMIIb Ip BbINOJHEHHH paxa yCOBHH. 


TIpexye Bcero, B pacTBope OJDKHBI IpHCyTCTBO- 


‘BaTb 06a CopTa NpOTHBOHOHOB (Co, ¥ 0, Co # 0), HO 


3TOFO 6ynerT He€OCTaTOUHO, CCIM OKaxkKeTCA, 4TO 


Cyi/Cor = Cyo/Co. Cneqosatenbyo, Kone6anua aj- 
cop6uMH MOryT OBIT 3HaYHTCJIbHbI JIMMIb pH 

Cor Coz #0, (7) 

Cyl Cor # Cp2/Cop- (8) 


TlocnequHee ycnosue MoxeT 6bITA OGecte4eHO 
yByMa cnoco6amu. [Ipu R, +R, ycnosne (8) cnpapewm- 
BO BO BCe OO6NaCTH YaACTOT, 4 KoNeGaHHA ancop6uHH 
CKaxkyTca Kak Ha Ae(@), Tak H Ha HH3KOUaCTOTHOM 
mpegene Ac(0) [1]. pa R, = R, ycnosne (8) Moxert 
ObIT, oGecnexeHO HDIb B OrpaHHueHHOw OOnacTH 
YacTOT H GyfleT CBA3aHO C pa3IH4HOM NOWBEKHOC- 
TbIO IpoOTHBOHOHOB (D, # D). 


Takum 06pa30M, MOXKHO BbIJeIHTb YeTbIpe pas- 
JEAYHBIX Cilyyas. : 

1.R,=R,,D,=D,. Kone6anna ajcop61yaa He3Ha-— 
YHTeNbHBI HW Ha A€(@) He BIMAIOT. DTO cuepyeT HE 
TONbKO H3 IPHBeCHHBIX BbILIeC KAYCCTBEHHbIX pac- 
CyX]|CHHH, HO H HENOCpeCTBEHHO H3 CACTeEMbI ypaB- 
HeHHH (2): pH yKa3aHHbIx ycnosusax f; =f), H HeH3- 
BecrHaa X, NepecraeT BNHATb Ha Ba NOCHe{HAX 
ypaBHeHHA CHCTeMBI, H3 KOTOPbIX ONpefesmeTcaA WH- 
HYUMpOBaHHbI AWNONbHEIM MOMEHT, KOTOPBIH, Ta- 
KHM 06pa30M, He 3aBHCHT OT Rr. 

2.R, #R2, D, = D2. KoneOanna aqcop6umu Bms- 
1OT KaK Ha HH3KO¥ACTOTHBIL Mpepen Ae(0) [1], Tak H 
Ha 4aCTOTHy!0 3aBHCHMOCTE At(@). 


3. R, =R,, D, # D,. Huskouacrorupm mpepen Ac(0) 
He 3aBHCHT OT KONeOaHHH aycop6uHn [1]. OqnaKxo 
MOXHO OXHJaTb 3HayHTeMBHOPO BIMAHHA TAKHX Koye- 
Ganmii Ha Ae() B oGnactu uactot D,p/a’ ... D_/a’. 

4.R, # R,, D, # D,. Dror cnyaa npeycrapusaer 
KOMOnHalMIo OGeRX BO3MOXHLIX NPHIAH, NPHBOAA- 
LHX K 3Ha4YMTeEbHBIM KOJIeOaHHaAM aycopo6unH. 


Buusanne KoneGanHi ajcop6unM Ha dacTOTHYIO 
3aBHCHMOCTB Ag(W) ynoGHee paccMaTpHBaTb CHada- 
a ia chyyaes 2 4 3. XapakTep TakOro BJIMAHHA B 
cny4ae 3 npefcTaBRaeTCaA OUCBHIHIM HW CBA3AaH C Ha- 
H4HEM AByX scpcsekTHBHLIX Koacp¢epHyHeHTOB puCp- 

Y3HH H, COOTBETCTBCHHO, ABYX XapaKTepHbIXx 4ac- 
Tort [4, 5]. 3HaaHTenbHO MeHee O4UeBHIHO Takoe BIH- 
aHve IIpH paBHbIX KosdduuHentax pHddy3nu 
(cnyyait 2). Umenno TOT cilydal MbIl H HaMepeHbl 
paccMoTpeTp noypobuee. 


4* 


196 ; XAPKHX u gp. 


Y 


1.0E-1 


1.0E~-3 


1.0E-5 


1 QB H7 bea et 


1.0E+0 


1.0E-—2 


1.0E-4 


1.0E-6 


1.0E-1 
1.0E~3 
1.0E-5 


1.0E-7 


1.0E-1 
1.0E-3 


1.0E~5 


1.0E-7 


1.0E-1 
1.0E-3 


1.0E-5 


1.0E-7 
1.0E+0 1.0E+2 1.0E+4  1.0E+6 
ow, Py 


Puc. 1. SanvcuMocTH HOpMMpoBaHHOH AMOeKTpHyec- 
Ko Nponnyaemoctn Y of yacTOTbI w MpH ceAyPOUleM 


nie apaMeTpoB: a = 104 em; D = 10° ae D,= 

= 107 em/e; Rp = 0 (1); 1 (2), 10 (3); coy = 1073 Monb/n 
(a - 1); coz = 107 (a, 6, a); 10+ (8); 10°? Monb/n (r); Ry = 1 
(a-1r), 10 (a); Ry = 0.2 (a, B - a), 10 (6). 


~ PewleHve CHcTeMbI Tpex JIMHEHHbIX ypaBHeHHH (2) 
He MpefcTaBdeT NPHHUMNMAaNbHbIX CHOXKHOCTeH — 
Mmpo6sleMa COCTOUT JIMMb B TPOMO3KOCTH NovIyyae- 
MBIX alre6pavueckHXx BbIpaxkeHHU, KOTOpbIe He yia- 
eTca mpeoOpa30BaTb K Npo3spadHomy Buy. [pomos3y- 
KOCTb BbIPaKEHUH NPUBOUT K TOMY, YTO JJOCTOHHCTBA . 
aHaJIMTW4ecKOrO MeTOfa pellieHHaA 3ayauH OOpalia- 
FOTCA B HEJOCTATKH: BCe PaBHO pe3yJIBTUpyIOLly!o 
(popmysly Hago nNporpaMMuposaTD [aA WicneHHOrO 
aHajlu3a, NOITOMY He BHAHO OcOObIX MpeHMyLIecTB 
ABHOTO BbINMCLIBAHHA TPOMO3AKOFO KOHEYHOFO pe- 
3ymbTaTa. Mpi 3anporpaMMupoBalll YHMCIICHHOe pe- 
meHHe ypaBHeHul (2) Ha TIOBM u ucnonb30Banu 
ero B NOCNefyIOWeM aHanH3e. 


AHAJIN3 PES YJIBTATOB 


- Ha puc. 1 npepzcTraBneHbl pe3yibTaTbI pacueToB 
3aBHCHMOCTH HOPMHpOBaHHOHM MoeKTpHuecKon 
NpoHuyaemMocTu Y OT YacTOTbI, BbINONHEHHbIe MIA 
cnepyromero HaGopa napaMeTpos: a=10*cm;D= 
= 10° cm’/c; D, = 10 cm’/c; uacrora BEIpaxena B Tu. 


Tlockombky Hac mpexye Bcero HHTepecyeT poub 
KoneOaHnl aqcopOunu, Mbl pacCMaTpHBaeM BCe 3a- 
BUCHMOCTH [1d Tpex 3HayeHu Ry, = 0; 1; 10. Crporo 
TOBOpA, WIA 3apsKeHHbIX YAaCTHI CpaBeAIHBO He- 
papencTso R, > 0 [1]. Oqnako yqoGHO M3y4aTe BuH- - 
aHHe KONeOaHHH agcopOWMH, COMOCTaBIAA pe3yJIb- 
TaTbI pacueTos mpu Ry > 0 c pusv4eckH HEBO3MOX- 
HBIM CilydaeM Rr = 0, korna koneOaHHa alicop6ume. 
Kak 651 ‘ ‘BbIKIOUCHBI” 


TIpexme BCero sieges OTMeTHTb, UTO UHMCICH- 
HbIM aHanu3 NOATBEPKAaeT CeaHHbI BbILIe Ha OC- 
HOBaHMH KadeCTBeEHHbIX COOOpaxKeHHH BLIBOL, YTO B 
cnyyae 1 (R, = R,, D; = D2) napametp Ry He BausaeT 
Ha KpHBble JMCiepcuH. 


Han6omee 3aMeTHOH epToH, oTIM4aIOlleH 
BKJIaq KoneG6aHnu aycopOuuyu, ABIAeTCA NOBbIMNIEHHE 
HH3KOUYACTOTHOLO Mpepfesa AHOIeKTPHYeCKOH Ipo- 
HHWaeMOCcTH (puc. 1) B OOMaCTH HH3KHX YacTOT KpH- 
Bbie a9 Ry = 0 oTueTIMBO NexKaT HHKe BCEX KPHBbIX 
Ia HEHYeBbIX 3HaYeHHM NapaMeTpa HHTCHCHBHOC- 
TH KoneGaHnii ancop6unH. Bo-BTopbix, B 3TOH OO1a- 
CTH MIpH HeKOTOpbIX 3HaYCHHAX MapaMeTPOB BO3- ' 
MOXKHO IIPeBbILeHve BeIMYHHbI IH9eKTpH4eCKOn 
IIpOHHUaeMOcTH Hay Npepesom (6): Ha puc. 6 u  ON- 


‘Ha 43 KpMBbIX IpoxoguT B OGacTu Y > | (Ae > Aé,,;,)- 


[1a 3TOrO HEOOXOMMMO BbICOKOe 3HaYeHHe NapaMerT- 
pa Rr. O6a aTHx BLIBOJa HaxXOPATCA B NONHOM CO- 
TacHH C pe3yIbTaTaMU aHau3a HU3KOUaCTOTHOTO 
mpefena B coooOmleHHH [1]. Cpapuenue puc. 16, in, 
paccuHTaHHoe AA OHOrO HaOopa NapaMeTPpoB, I0- 
Ka3bIBaeT, 4YTO pocT napaMetpa R, NpH NpouHx paB- 
HbIX YCHOBMAX OarONpHATCTBYeT KaK POCTY HH3KO- 
YacTOTHOrO Tpeyena (4TO TaBHO M3BECTHO), TaK 4H 
NpoaBreHnto KoeOaHH aqcopOuMH 3a CueT yBeJIH- 
yeHua pasHocTu R,—R,, uro cornacyetcac[1]. 


KOJIIOMDHbIM KYPHAIL tom58 Ne2 1996 


KONEBAHUMA BEJIAUMHbI ATCOPBUMH MOHOB 197 


V3yyeHve COBMeCTHOrO BJIMAHHA MapaMeTpoB 
nomaspu3aynn R, w R, Ha HM3KOYACTOTHBIM Npeper 
noka3ayo [1], uro npu R, = R, kone6anua agcopounu 
He MIpOABJIAIOTCA, TO KpaitHeli Mepe, npw 6mM3KHx 
3HaveHHAx KOIdduLHeHTOB Wuddy3uu. Ham ana- 
M3 NO3BONACT PaclUIMpHTb ITOT BbIBON: Mpu R, = R, 
Kome6aHHa acop6uHH He BIIMAIOT H Ha KPHByIO J{MC- 
Nepcuu. PuswyeckH 3TO OObACHAeCTCA TeM, YTO KO- 
jle6aHua acop6uH“H MpOTHBOMOHOB copta | Haxo- 
ATCA B poTuBodpa3se c KONeOaHHAMH aycopouMH 
IIPOTHBOMOHOB copTa 2, KaK OOBbACHAJIOCH BbIllle: 
IIpH paBHbIX NOMAPH3alMOHHbIX KPMTepHAX BHELLI- 
He BO3MYINeHHA, BbI3bIBalOWjMe 9TH KONeOaHUA, 
1d OGOUX COPTOB HOHOB OHHAKOBBI H 9IEKTPOHEH- 
TpasbHocTs yyactka JJOC noyyepxMBaeTCA Kak ObI 
cama co6ol, 6€3 H3MeHeHHA NOBepXHOCTHBIX HIM 
OGbEMHBIX NOTOKOB HOHOB, YTO PaBHOCHJIbHO OTCYT- 
cYrBHIO KoneGaHHi. C MaTemaTH4ecKOM TOUKH 3peHHa 
_ 9TO BbIpaxkaeTca B paBeHcTBe C,,/Co, = C,2/Co2, Up 
KOTOpOM IIpaBaa 4acTb (3) o6pamaetca B Hysb. Io- 
3TOMY HanOoslee GarONpHATHA AA MPOABIICHHA KO- 
neOaHul CHTyallHa, KOTa ONMH W3 COPTOB IIPOTHBO- 

“HOHOB HMe€eT BbICOKYIO NMOBEPXHOCTHY!O MIpoOBOH- 
MOCTb, a ApyrolH — HW3Ky!O (pOb 2TOrO BTOporo 
IIPOTHBOHOHA COCTOUT B TOM, YTOOBI MO3BOJIMTb H3- 
MEHATECA acopOuun). 


]\1a W3YYCHHA BIHAHHA OTHOMICHKA: KOHUCHTpa- 
wut Co,, Coz cpaBHuM rpaduku Ha puc. la, 1B u Ir. 
Mp! BuauM, YTO AIA NposBNeHHA KONeOaHHH apcop6- 
IWiM HanGoslee OnaronpuaTHa OONACTb Co, ~ Co; pu 
YBeNMYeCHHH OTHOCHTEIbHOM OM OFHOTO U3 COPTOB 
MOHOB 3TOT BKJlay cHw>KaeTca. [IpwunHa — yMeHbIIe- 


HHe aMIMVIMTyAbI KONeOaHHH 10 Mepe CHHKEHHA paB- 


HOBCCHOPO 3HaUCHHA ancopouHH. - 


B o6nacTv BbICOKHX 4YaCTOT, HaOOOpOT, BCe KpH- 
Bble [JIA HEHYeEBbIX 3HaYeHHH Ry WexaT HMKE KpU- 
BbIxX Wa Rp = 0. MoxkHO CKa3aTb, YTO MOBbIMEHHE 
HH3KOUAaCTOTHOFO pelea CBA3aHO C yBeIMYeCHHEM 
cllajja B O6acTH BbICOKHX YacTOT. 3aKOHOMePHOCTH 
BIIMAHHA TapaMeTpos B STON OONacTH NPOTHBONONOX- 
HbI 3AKOHOMEpHOCTAM HH3KOYACTOTHOM OONacTH. 


UTo6bI OxapaKTepH30BaTb YaCTOTHYIO 3aBHCH- 
MOCTb JH3JIEKTpHYECKOM MPOHMIaeMOCTH, MbI pac- 
CUMTANM YaCTOTY, Ha KOTOPOH 9Ta MPpOHHLaeMOcTb 
NajlaeT B ABa pa3a NO CpaBHeHHHO C HA3KOUAaCTOTHBIM 
ipeweuwoM. ITa wacToTa JOCTaTOYHO HarsAHO on- 
pewensetT oOnacTb Havasa Cala MpOHWWaeMOcTH Cc 
yacroTou. Jia pafa Mogened yqManeKTpHyeckon 
(MchepcHH UacTOTHad 3ABHCHMOCTb MMEET BAY 


1 
2? 


1+ (>) 
Oc, 


rhe ,, ~ KpHTH4ecKad YaCTOTa COOTBeETCTBYIOWIeH 
MOpeIW. SKCNepHMeHTaNbHO 9Ta 4YacTOTa OMpese- 
WAETCA M3 OUEBHAHOPO ycroBHus Y(,,) = 0.5. Konnex- 
TpallMoHHasd NOJAPH3al|MA MPHBOMUT K 3Ha4UTeILHO 
6oee CNOXKHOMY BULy YacTOTHOH 3aBHcHMOCTH [3], 


Ye 
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Puc. 2. CuwxkeHve KpHTH4eCKOM UacTOTbI C pOCTOM Ma- 
pametpa Ry, paccuvTaHHoe 0 ,aHHBIM puc. |. 


@ MHOFOHOHHbI COCTaB AMCNepCHOHHOH Cpej{bl 4 KO- 
ne6aHua ajcop6unu ee Gonee ycnoxKHAIOT (opMy- 
my qua Y(@). Tem He MeHee MBI pelliMim OxapakTeph- 
30BaTb YaCTOTHY!O 3ABHCHMOCTb Y(W), BBEAA W,, KAK 
yacToTy, Ha koTopon Y = 0.5. 
Pe3yibTaTbI pacdeTos AWA Tex Ke HaOopos Mapa- 
METPOB, 110 KOTOPbIM NOcTpoeH pu. | NpABeAeHbI 
Ha puc. 2, 43 KOTOpOro HOCTaTOYHO HariAHO BAAHO, 
YTO C pOCcTOM pouH KoNeGaHHi aycopOuMH @,, Mey 
JIGHHO CHMDKaeTCA. ; 


MMKPOCKOIIMYECKHE MOEA TOC 


PaccMoTpmM Tellepb HEKOTOpbI€ BO3MOXHBIC MH- 
KPOCKONMYeCKHe MeXaHH3MbI NOApH3al\HH, 3apa- 
Hee OTOBapHBasCh, YTO MbI He CTaBMM LeJIbIO HCuep- 
MlaTb BCe BO3MOXKHbIe MOJeJIM HW COBCeEM He paccmart- - 
PHBaeM BO3MOXHOCTE CHJIbHOM aycopOuv“H KOBOHOB 
B IOC (cny4ait noTeHyManonpee1ArOLUMx KOMOHOB). 

_ Ecru napuanbHble NOBEPXHOCTHbI€ NpOBOAHMOC- 
TH K,; ONpefeAIOTCA IMLIb 91EKTPOMHTpallMOHHbIM 
TlepeHOCOM MpoTHBOHOHOB No JISC, ro R, = R, = Rz= 


= = (exp(—'P/2) — 1), rae ‘Yo — Sespa3MepHbIit MOTeH- 


nuan JIIC. Takum o6pa3oM, B 3TOM Cilydae paBeHCTBO 
NapuMabHbIX NOMApH3alHOHHbIX KpuTepHes OGectie- 
YeHO Mp MOObIX 3HAYeHMAX KOSCcpALMeEHTOB WuCp- 
cy34u NpoTuBonoHos. M3 aHanu3a B MpeybIqyuyjem 
nlaparpade culepyeT, YTO B TOM Ciyuae KoNeOaHHA 
aycop6uMu He MOryT NPOABHTLCA HW HENb3A OXKH- 
WaTb 3alpeyenbHbIX 3HaYeHHH HU3KOUaCTOTHOFO 
mpegena Ae. PakT HaGmOfeHWA TAaKHX AaHOMAJIbHO 
BbICOKHX 3HaYeHHM MOXKET CBUJETEIbCTBOBATh O HE- 
coplageHuu kputepues R, u R, W OMHOBpeMeHHO O 
BbICOKOH BeIMuHHe NapaMeTpa Rr. 


TIpwumnama Takoro pa3IM4uA, Ha Halll BST, MO- 
TyT ObITb 3IeKTpOOCMOTHYeECKHH MepeHoc MOHOB H 
rHnoTeTH4ecKH TepeHoc HoOHOB no coro IlITepua. 

Bxslaj] 9AEKTPOOCMOTHYECKOrO NepeHoca B BeJIH- 


quubl R; 3aBucuT oT noTeHuMana JOC uw kosddbuun- 
eHTa Auddy3HH HOA HW MpakKTH4eCKH He 3aBHCHT OT 


198 . XKAPKHX u gp. 


ero KOHWeHTpayMu. Takum o6pa30M, Ip HepaBeH- 
cTBe Kos*cbulwenros Auccpy3un (cnyyan 3 u 4, Ko- 
TOpble HOKa UHCICHHbIM METOOM JeTabHO He aHa- 
JIM3MpOBaJIMCb) BO3MOXHO OOecrieyeHHe HepaBeHCT- 
Ba R, # R,, HO 9TO pa3M4ne He MOXeT ObITh O4EHB 
CHJIBHbIM, T.K. 9IEKTPOOCMOTHYeCKHH BKIay] Bcerya 
CyII[eCTBEHHO MeHbIWe MHTpallMOHHOTo. 


Bxksaq nepenoca HOHOB no cnoro IifrepHa nponop- 
UMOHaeH NaplWabHOW agcopOUHH HOHOB jjaHHOrO 
copta B coe IllrepHa u koadcpuuMenty Audpdby3uu 
HOHOB B ay[cOopOHpoBaHHOM cocTosHHu. BecbMa Baxk- 
Hy!O pOJIb HIpalOT KMHETHYECKHE XapakTepHCTHKH 
aycop6uuH. OObI4MHO paccMaTpHBaIOT Ba Opejesb- 
HbIX ciyyad: cnryyal. cBo6oqHoro oO6MeHa’ clon 
IllrepuHa c 06beMoM, KOrfa Npowecc ycraHoBeHHaA 
a\COpOUMOHHOTO paBHOBeCHA MpoTeKaeT 6bicTpee 
BC€X [[PyrHx MpOLeccoB B CHCTeMe, H CIy4all OTCyTCT- 


BHA TaKOTO OOMeHa, Kora anjcopOu“poBaHHbie HMOHBbI 


-CHOCOOHBI TOKO MHUIPHpOBaThb BAONb MOBEPXHOC- 
TH, a MpOllecc ycTaHOBNeHHA aCOpOuMOHHOrO paB- 
HOBECHA HaCTOJIbKO 3aMe]JIeH 10 CpaBHeHHH0 C Jpy- 
rMMH IIpOljeccaMH B CHCTeME, YTO CFO MOXHO He pac- 
cMaTpHBaTb (Mogenb IBapya [6]). [ogpobnee 
BONPOC O BJIMAHMM KHHETHYCCKHX MapaMeTPOB COA 
IlrepHa Ha WucnepcHto AMaeKTpHyecKoOH NpoHuia- 
e€MOCTH OOcyxaeTCaA B pa6oTax [7 - 9]. 


[18 BCex CylIJ@¢CTBEHHbIX NapaMeTpos, onpeyensa- 
FOWMX MOBeWeHHe MOHOB B cioe Ll TepHa (cpoy_cTBo 
HOHa K MOBEPXHOCTH, NOJBUXHOCTE B ayjcopOupo- 
BaHHOM COCTOAHHH, OCOOCHHOCTH KHHETHKH agcop6- 

‘HHM) MOXKHO MpeqnonaraTs CHJIbHy!O cnelHcpuy- 
HOCTb, TO €CTb CHJIBHYIO 3€BHCHMOCTb OT THMa HOHA. 


B 9KcnepHMeHTe 9TO MOXET MpOABUTCA B BYE JIM- © 


OTPONHBIX PANOB AIA KPHBbIX AUcHepcun (pasyMeer- 
CA, AJIt AX KOPpeKTHOPO NosyueHHA HEOOxo_MMa ON- 
peyeueHHad HOPMHpOBKa KpHBBIX, TaK KaK IIpH H3- 
MC€HCHHH COCTaBa paCTBOpa BO3MOXHO H3MeHeHHe 
NOBEpXHOCTHOPO 3apaya uacruu). B o6uyem cuyyae, 
eciIM MepeHoc mo cnoro IlrepHa uMeeT MecTO, Hesb- 


3A OKMAATh paBeHcTBa R, u R,, uro Onaronpuatcr-- 


ByeT NPOABJICHHIO KONeOaHHH aycop6uMH. 


UTo xe KacaeTCA BeJIMYMHbI Napametpa Ry, TO B 
OTCYTCTBHe OOMeHa HOHAMH Mex ly AHMdcpy3HbIM u 
TMIOTHBIMH coaMu JTOC ocimanMpyeT IMUIb Audp- 
cby3Hb cnon, u R-=R, [1]. [pu cao6oqHom o6Mene 
B OCHMIIIAWMIO OyfeT BOBIeYeH H COH IIrepHa, uTo 
MOXET CyljecTBeHHO yBenuuuTs Ry [1]. 


Takum 06pa30M, MbI NpHXOBMM K 3aKJIOUeHHIO, 
UTO Mp OCTATOYHO BbICOKMX 3HaYeHHAX NapyMal- 
HbIX KpuTepues R, u Ry, Korya HaOMOMalOTCA BBICO- 
ke 3HaveHHA BKJajla YacTHI B MSeKTpH4ecKy!o 

 IIPOHHWaeMOCThb, MOXKHO OXHIaTb MW BbICOKOLO 3Ha- 
~YeHHA KpHTepHa OclaiaanMM aycop6uun R;r, 4TO 
OnaronpuATCTByeT NPOABNEHHIO TAKUX OCIMIIANHA 
B HCE pCHOHHbIX 3aBHCHMOCTSAX. 


BaaroyapHocrs. ABTOpbI BbIpaxaloT GOsarogap- 


Hoctb MexyyHapopqHo accoumaluM coyelicrBua co- - 


TpyHMUecTBYy C YUCHbIMH GpIBUIero CosetcKkoro Co- 


103a (rpaut INTAS 93-5372) u MexyyHapopHomy Ha- 
yuHomy @ouny (rpasr UAF200) 3a cbuHancopyro 
NofWepxXky NpH BLINOJHEHHH JaHHOro UccnepOBaHHA. 


TIPHJIOAKEHHE 


Tonspw3aljuouHble (o6aBKu K aycop6uHaM npo- 
THBOHOHOB I", MOXHO 3alHcaTb B Bue 


To = FH Ee * aC + 3G,o" 


Co} (IT1) 


r=a 


B ston depugae vy ecTb nOTeHuMan paBHOBecHOoro 
HSC, ¥,, — nonspw3ayvouHaa 406aBKa K Hemy. IIpx 
Tomapu3annu ToHKoro JOC Kaxkybii Manbii ero 
yuacTOK OCTaeTca 3eKTPOHeTpanbHbIM: 


T+ 12 =0. (112) 


IIpu 9TOM MbI npeHeOperaem aycop6uueit KOMOHOB 
(Takum OOpa3oM, He paccMaTpuBaeM Crlyya nNoTeH- 
yManonpepensronjeh POH KOHOHOB, KOrya 3apsay 
uaCTHIbI CC/OpMupoBaH 3a CYueT HX cheunduyeckor 
ayjcop6uun). 


Kom6nnmpys ypaBHenua (II1, 112), nonyaum 


copMy.ly 71a NomApH3aljHoHHOrO NoTeHyMana 


1 


¥, ~ ~A(To1 +1) ‘ 
. hs (113) 
. (“Ce +o) d(T + Teo } 
. OCo ph dC p2 =f 


Tloqcrasus nonyyenubiit u3 (113) norenuwan 6 
(II1), Mbi nomyuuM BbIpaxenHe IA NOMApHsalHOH- 
HbIX OOaBOK, Cofepxalijee TOKO NOMAPH3alHOH- 
Hble KOHUeHTpauMu C,;, 43 KOTOpOro cnepyeT cpop- 
mywta (4) ana Rp. 
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